Abstract
Future changes in surface air temperature and precipitation over Japan by the end of the 21st century are projected by a well-developed non-hydrostatic regional climate model with a grid spacing of 5 km under the RCP8.5 scenario. Uncertainties in the projected temperature and precipitation are also evaluated with the results obtained from ensemble simulations using this high-resolution model. The projected future climate indicates robust increases in the annual-mean surface air temperature for all regions in Japan. In contrast, many regions do not exhibit statistically significant changes in annual precipitation. In some regions and months, however, monthly precipitation in a couple of members of the ensemble simulations has a statistically significant decrease or increase. Monthly precipitation over the eastern Japan Sea side (EJ) region in December has relatively robust decreases. These decreases are attributed to decreases or weakening of convection over the Japan Sea polar air-mass convergence zone, which is accounted for by the weakening of large-scale low-level northwesterly winds associated with the winter monsoon. The relationship between precipitation and convergence in the EJ region is consistent with the results above: Convective clouds are shallower in the future climate compared with those in the present climate.
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Introduction
Future projections of regional climate change have received considerable attention in recent years. Regional climate models (RCMs) are powerful and useful tools for studies on regional climate change (e.g., Rummukainen 2010; Gualdi et al. 2013) . Their higher spatial resolution, compared with general circulation models (GCMs), provides a more accurate simulation of regional climate. For Japan, simulations should be prepared at much finer spatial scales because of its complex topography and coastlines, which lead to considerable climate variability. Nakano et al. (2012) captured such small spatial and temporal variations in projected future climate change over Japan in summertime (from June to October) with a non-hydrostatic regional climate model (NHRCM) with a grid spacing of 5 km. Sasaki et al. (2012;  hereafter S12) achieved all-season downscaling results around Japan by integrating an NHRCM (5-km grid spacing) over 20 years at the end of the 21st century. Issues remaining unresolved include uncertainty in future projection of local climate change in Japan for climate downscaling (e.g., Iizumi et al. 2012) . Therefore, the next step is to perform high-resolution ensemble simulations and to estimate the uncertainty in projected future climate change.
In this study, we conducted ensemble simulations using NHRCM with a grid spacing of 5 km to project future climate change over Japan and to estimate the uncertainty in the projected change. Few studies have performed ensemble simulations with such a high-resolution model. In particular, no studies have investigated the uncertainty in projected future climate change over Japan on a local scale using a model with a grid spacing of 5 km or finer. It should be noted that only uncertainty from spatial patterns of sea-surface temperature (SST) is considered. This uncertainty is a kind of "model uncertainty" in Hawkins and Sutton (2009) 
Methods

Numerical model
The NHRCM developed by Sasaki et al. (2008) is a climate version of the Japan Meteorological Agency Nonhydrostatic Model (JMA-NHM; Saito et al. 2006) , which is used operationally by JMA in numerical weather prediction. Sasaki et al. (2008) and Nakano et al. (2012) describe the specifications of NHRCM except for recent improvements that include a revised version of the Kain-Fritsch convection parameterization, developed by one of the present authors (T. Kato). This revision was intended to correct an underestimated precipitation at a small island. Height for which an ascending air parcel originates depends on area of an island when the area is between 100 and 1000 km 2 . NHRCM includes a spectral nudging scheme (Nakano et al. 2012) , based on a spectral boundary coupling scheme (Kida et al. 1991; Sasaki et al. 2000) for climate simulations. NHRCM has successfully been used for previous studies (e.g., Sasaki et al. 2011, hereafter S11; Nakano et al. 2012; Murata et al. 2013 ).
Experimental design
The nesting strategy for numerical simulations is as follows. The model domain (527 × 804 grid points) of NHRCM with a grid spacing of 5 km (NHRCM05) was set to cover Japan (Fig. 1) . The model had 50 vertical levels for terrain-following where the lowest (highest) level was at 20 m (21.4 km) from the ground surface. Boundary conditions for NHRCM05 were derived from a simulation using an atmospheric general circulation model with 20-km horizontal resolution (MRI-AGCM3.2S, hereafter referred to as the AGCM20) (Mizuta et al. 2012) . For the present (future) climate, time-slice simulations were conducted for 20-year periods from 1980 to 2000 (2076 to 2096). For each simulation, NHRCM05 was initialized on 21 July and was run through 1 September in the following year. The results of the first 42 days were discarded as model spinup.
For the future climate, ensemble simulations in terms of the boundary conditions were conducted under the Representative Concentration Pathway (RCP) 8.5 scenario for greenhouse gas simulation results, the one obtained by NHRCM05 in this study (denoted by "SP" in the figures) and the others by AGCM20 in this study (denoted by "SP-G" in the figures) and by NHRCM05 in S11. The results in this study are compared with those in S11 because S11 is unique in evaluating the reproducibility of the present climate over Japan as a whole for all seasons. It should be noted that the initial condition for AGCM20 in S11 is different from that in SP.
NHRCM05 in this study does not adversely affect the overall performance in surface air temperature. The overall performance of SP is comparable to that obtained from SP-G and S11. In some regions, the magnitude of bias or RMSE in SP is the largest among those in the three simulations. However, these quantities are small as mentioned above: The magnitudes of the bias and RMSE are almost within 0.5 K and 0.8 K, respectively. Seasonal changes of bias and RMSE in SP are also similar to those in SP-G and S11 (Figs. S1a, b) . Moreover, the overall patters of bias between SP and S11 are similar (Figs. S2a, b) .
Precipitation
NHRCM05 reproduces the annual precipitation averaged over each region reasonably well. . The results reveal that the magnitudes of errors in the present simulation are not too large. For each region, the magnitudes of bias and RMSE in SP are smaller or nearly equal to those in SP-G. (Figs. 3c, d ). Seasonal changes of these errors in SP are similar to those in SP-G and S11 (Figs. S1c, d ). Bias along coastal areas of Japan Sea side is slightly reduced whereas enhanced in mountainous areas although the overall patters of bias between SP and S11 are similar (Figs. S2c, d) . This is partly because the surface flux formulations over the sea is based on Kondo (1975) in this study whereas Beljaars and Holtslag (1991) in S11.
The representation of precipitation around the Okinawa concentrations. The ensemble simulations had four members driven by different boundary conditions that were provided by the AGCM20 simulations, with four different SST fields: one control field and three fields derived from cluster analyses (Mizuta et al. 2014 ). The control SST field was provided by the ensemble mean SST at the end of the 21st century based on CMIP5 models (referred to as C0). The other three SST fields were produced by classifying the ensemble mean SST into three clusters based on the spatial patterns of the changes in the annual-mean SST in the tropics (referred to as C1, C2, and C3).
Observational data
The performance of NHRCM05 was evaluated by comparing the results of the present climate simulation with ground-based observational data for the same period. The data used is from the automated meteorological data acquisition system (AMeDAS) administered by JMA. AMeDAS has a dense network of meteorological stations throughout Japan at an average interval of 17 km. The data on surface air temperature (precipitation) are available at 700 (1200) of these stations. The temporal resolution (1 h) of the AMeDAS data is equal to that of the NHRCM05 output.
For comparison, the land grid point of NHRCM05 nearest to the location of each AMeDAS station is selected. For each station location, there exists a height discrepancy between the model and actual topographies which affects model temperature. Therefore, the simulated temperature is corrected by using a lapse rate of 0.0065 K m −1
. The results were found to be insensitive to the lapse rate (Murata et al. 2013) . It should be noted that spatial distribution of AMeDAS stations has lower network density in mountainous areas (Fig. 1) .
Evaluation of present climate
The systematic error (bias) and root mean square error (RMSE) of the NHRCM05 simulations against the AMeDAS observations was calculated to estimate errors in the simulated annual averaged surface air temperature and accumulated precipitation. The mean temperature and accumulated precipitation at each station location is the average value over 20 years for both simulations and observations. Bias and RMSE were calculated for each region shown in Fig. 2 , in addition to the whole region (i.e., Japan as a whole). The numbers of data points for calculating the bias and RMSE for each region are equivalent to those of the observing stations for which data are available. The number is also equal to that of the model grid points corresponding to the observing stations for each region. islands (i.e., the SI region in Fig. 2 ) is improved noticeably by using the revised version of the Kain-Fritsch convection scheme mentioned previously. Figure 3c reveals that the magnitude of bias in the SI region is greatly reduced in the result of this study compared with that of S11.
Projection of future climate change
Surface air temperature
All regions in Japan exhibit a robust increase in surface air temperature, the magnitude of which depends on the location. Figure 4a indicates the change in the annual-mean surface air temperature averaged over each region. The statistical significance is evaluated using bootstrapping. All regions have statistically significant increases at the 5% level in the results of all four ensemble members. The magnitude of the change tends to be larger over northern regions than other regions. The noticeable increase in temperature over the northern regions is consistent with S12, where a decrease in sea ice over the Sea of Okhotsk in the future climate strongly impacts temperature increases in the northern regions.
When considering the whole region, i.e. Japan as a whole, increases in the annual mean temperature are between 4.2 and 4.7 K (denoted "ALL" in Fig. 4a ) but around 3 K in S12. This difference seems to be attributable to the difference in emission scenarios used: RCP8.5 in this study, and the Intergovernmental Panel on Climate Change -Special Report on Emission Scenario (IPCC-SRES) A1B in S12. The difference in the temperature change might be affected by difference in SST dataset used. As mentioned previously, ensemble mean SST based on CMIP5 models was used in this study, whereas based on CMIP3 in S12. Seasonal variation of the change in monthly-mean surface air temperature also exhibits robust increase (Fig. S3a) .
Precipitation
Future changes in precipitation depend strongly on the location. Most regions, however, exhibit no robust changes. Figure 4b indicates the change in annual precipitation, averaged over each region. Bias [%] is defined as 100 × (f/p − 1), where p and f are the annual precipitation for the present and future climate, respectively. Statistical significance is evaluated using bootstrapping. There is no systematic relationship between the changes and the regions. In addition, most regions have no members with a significant increase or decrease at the 5% level. This result also holds true for the whole region. Changes in monthly precipitation is relatively small compared with interannual variations. (Fig. S3b) .
The horizontal distribution of changes in SST seems to affect the projected changes in precipitation. Changes in SST in C3 and C2 (C0 and C1) are larger (smaller) than the others (Fig. 5) , consistent with the relationship of the projected precipitation between members (Fig. 4b) . This relationship also holds true for . "ALL" denotes the whole region of Japan. "S11" ("SP") denotes NHRCM05 in the previous (present) study and SP-G denotes AGCM20 in this study (see text for details). The values for SP-G in SI region are not shown because the number of data available is much smaller than those for S11 and SP. "ALL" denotes the whole region of Japan. C0, C1, C2, and C3 denote individual ensemble members. Filled circles denote statistically significant changes (5% level).
temperature (Fig. 4a) . Considering variations in temperature with members, the range of uncertainty in SST fields around Japan might be narrow.
In some regions, however, the annual precipitation in one or two members of the ensemble simulations exhibits a statistically significant increase or decrease. Specifically, the NJ and NP (EJ and EP) regions have members with significant increases (decreases). In particular, the EJ region has two members with significant decreases, but other regions have only one member with an increase or decrease. Therefore, future changes in precipitation over the EJ region are discussed in detail below.
Several members in EJ regions have a robust decrease in monthly precipitation in winter and summer, particularly in winter. In December, precipitation in the majority of members (three out of four) has a statistically significant decrease (Fig. 6 ). In addition, other Japan Sea side regions (i.e., NJ and WJ regions) have a member that exhibits statistically significant decrease (not shown). Moreover, other months in winter have members that exhibit statistically significant decrease: one (two) member(s) in November (January).
The decrease in precipitation over the EJ region in December seems to be associated with convection over the Japan Sea Polar air-mass Convergence Zone (JPCZ). The horizontal distribution of the precipitation change indicates a statistically significant decrease over both land areas in the EJ region and the ocean to the northwest of the region (not shown). Convergence at the surface is weaker in the future climate than in the present climate and precipitation is proportional to convergence (Fig. 7a) . This suggests that the weakening surface convergence is a factor in the decreased future precipitation. At higher levels, though, the convergence takes on negative values, becoming divergence (Figs.  7b, c) . The divergence at 850 hPa is larger when the precipitation is lower (Fig. 7b) . At 500 hPa, in contrast, the divergence is smaller when the precipitation is greater (Fig. 7c) . That is, divergence tends to occur at lower levels when precipitation is less. These results suggest that convective clouds in the future climate will be shallower than those in the present climate, leading to less precipitation. Difference in precipitation (and convergence) between the present and C0 groups is much greater than the magnitude of interannual variation of precipitation (and convergence).
Monthly precipitation increases over EP and WP regions in February and decreases over EJ region in November (not shown), consistent with S12. However, the changes are not statistically significant in our results, probably because the experimental designs in the two studies are different in terms of emission scenarios and SST dataset mentioned above.
Summary and concluding remarks
NHRCM05 projected future changes in surface air temperature and precipitation over Japan at the end of the 21st century under the RCP8.5 scenario. One important objective of this study was to conduct high-resolution (i.e., 5-km mesh) ensemble simulations. Using the results obtained from these high-resolution ensemble simulations, temperature and precipitation in the future climate were projected with information about uncertainties.
The projected future climate showed robust increases in surface air temperature for all regions in Japan. The magnitude of the changes, however, depended on the location and tended to be larger over northern regions than over southern regions. In contrast, the projected precipitation had no systematic relationship between future changes and regions: most members showed no significant changes in the annual precipitation. In some regions, however, the monthly precipitation in several members of the ensemble simulations had a statistically significant decrease or increase.
Decreases in projected monthly precipitation over the EJ region in December were attributable to decreases or weakening of convection over the JPCZ because statistically significant decreases extended over the ocean to the northwest of the EJ region in addition to land areas within the EJ region. The decreases or weakening of convection over the JPCZ were accounted for by the weakening of large-scale, low-level northwesterly winds associated with the winter monsoon. Mori et al. (2014) concluded that cold winters driven by Arctic sea ice unlikely occur in the future climate, which is consistent with our results, although decreases in the ice may cause severe winter over central Eurasia in past decades.
In this study, our goal to estimate the rage of uncertainty in the projected climate with a high-resolution RCM was achieved. The number of ensemble members in this study might be insufficient. Further work is needed to reduce uncertainties in projections of future climate change around Japan.
